Introduction {#s01}
============

Na^+^ influx through voltage-gated Na^+^ (Na~V~) channels drives the rapid rising phase of action potentials in neurons, cardiac myocytes, and skeletal muscle. There are nine Na~V~ channel family members that share a common structure composed of four homologous transmembrane repeats, each containing six transmembrane segments, arranged around a central ion-permeating pore. The four transmembrane repeats are joined by intracellular loops, and the protein is capped on either end by intracellular N and C termini. These pore-forming subunits serve as the core of Na~V~ channel macromolecular complexes containing components that allow targeting of Na~V~ channels to specific subcellular domains such as the intercalated disks in cardiomyocytes or the axon initial segment in neurons and various regulatory proteins that fine-tune channel function. Among these critical regulatory proteins is calmodulin (CaM), which binds directly to the channel's intracellular C-terminal domain (CTD). Although CaM is best appreciated for its ability to act as an intracellular Ca^2+^ transducer, for Na~V~ channels growing evidence shows that Ca^2+^-free CaM also functions as both a structural component as well as a Ca^2+^ sensor, but the specific roles for CaM in Na~V~ channel function are still not clearly understood ([@bib28]).

One strategy to define these Na~V~ channel regulatory roles is to exploit disease mutations that affect CaM interaction. Mutations within the Na~V~ channel CTDs in the region where CaM binds have been linked to several disorders. In the cardiac Na~V~1.5 channel, these CTD mutations are associated with inherited arrhythmia syndromes such as long QT type 3 (LQT3), and mutations in the central nervous system Na~V~1.2 and Na~V~1.6 channels are linked to various epilepsy syndromes. Common to these conditions is that the mutant Na~V~ channels show a gain-of-function phenotype caused by a defect in channel inactivation. WT Na~V~ channels activate rapidly in response to membrane depolarization and then quickly inactivate. For most of those mutant Na~V~ channels, however, inactivation is defective, usually characterized as an increased "persistent" or "late" Na^+^ current ([@bib2]). This additional inward Na^+^ current in cardiomyocytes, for example, drives the prolonged action potential that is the substrate for the life-threatening cardiac arrhythmias accompanying LQT3. The detailed molecular mechanisms responsible for persistent Na^+^ current are not known except for a small subset of mutants. The prototypical LQT3 mutation (ΔKPQ; [@bib43]) in the Na~V~1.5 intracellular III-IV linker is a rare example. The III-IV linker is thought to serve as the inactivation particle, which is disrupted by the mutation. Although other LQT3 mutations are also believed to affect movement of the III-IV linker, how mutations outside of the III-IV linker affect inactivation is generally unknown.

Nevertheless, it is clear that the channel's CTD and the associated CaM are important for persistent Na^+^ component. Truncation of the CTD to eliminate the CaM-binding site led to a marked enhancement of persistent current ([@bib10]). Focusing more directly on the role for CaM, we engineered point mutations in a Na~V~1.5 channel so that CaM binding to the CTD was diminished and observed a Ca^2+^-independent increase in the persistent Na^+^ current ([@bib20]). Ca^2+^ may also contribute to the CTD's role as suggested by a recent study ([@bib29]). However, the underlying molecular mechanisms for how Ca^2+^ or CaM control influence the role of the CTD in the regulation of persistent Na^+^ current are not known.

Recent structural information derived from x-ray crystallography provides new insights into CaM interaction with Na~V~ channel CTDs ([@bib41], [@bib42]; [@bib13]) and offers novel opportunities to unravel the specific contributions of CaM to Na^+^ channel inactivation. Although some of these structures were obtained in the presence of fibroblast growth factor homologous factors, a set of Na~V~ channel modulators that fine-tune inactivation ([@bib40]; [@bib39]; [@bib50]), here we isolated the effects of CaM by focusing on the structure obtained without a fibroblast growth factor homologous factor (PDB: [4OVN](4OVN); [@bib13]) and performed detailed functional analyses in a mammalian cell system devoid of fibroblast growth factor homologous factors. We then validated our findings in neurons to demonstrate the functional significance holds also in the presence of fibroblast growth factor homologous factors.

We started our analysis by focusing on the binary structure of the Na~V~1.5 CTD (residues 1,776--1,929) associated with CaM. In this structure, the CTD is comprised of a globular-shaped domain followed by an extended α-helix termed the "IQ domain" (Fig. S1, A and B). CaM has multiple points of contact. Most prominently, the Na~V~1.5 CTD IQ domain contains a canonical apoCaM "IQ" binding motif, represented by I1908 and Q1909 in the Na~V~1.5 CTD that the CaM C-lobe buries. A similar interaction has been observed between the CaM C-lobe and the IQ motif of Na~V~1.2 CTD ([@bib12]) and the Na~V~1.6 CTD ([@bib31]), which has a Leu for Ile substitution in the signature Ile. The potential significance of the IQ motif interaction with the apoCaM C-lobe is highlighted by several observations. First, mutation of the IQ residues in Na~V~1.5 to alanines, which disrupted CaM interaction, led to increased persistent Na^+^ current in a Ca^2+^-independent manner ([@bib20]). Second, a rare Q1909R mutation in Na~V~1.5 is associated with LQT3 ([@bib18]) and sudden infant death syndrome, and the mutation increased persistent Na^+^ current when examined in a heterologous expression system ([@bib46]). For Na~V~1.6, disruption of CaM interaction by mutation of the IQ residues reduced current density and slowed the rate of inactivation in a heterologous expression system ([@bib15]). Outside of the signature IQ residues, other residues in the IQ domain that contact the CaM C-lobe also appear important for channel function. For example, the E1901Q and R1913H mutations in Na~V~1.5 (Fig. S1 C) have been associated with LQT3 ([@bib24]; [@bib17]). Whether these mutations affect CaM interaction and whether a perturbed interaction with CaM contributes more generally to the Na^+^ channel dysfunction are not known.

There are additional CaM interaction sites outside of the IQ domain, including the globular domain to which the CaM N-lobe binds (Fig. S1, B and D). The presence of LQT3 mutations within the globular domain (D1790G and Y1795C) raises the possibility that these mutations may also affect Na^+^ channel function through perturbation of CaM interaction. To the best of our knowledge, the contribution of CaM interaction in the context of these mutations has not been evaluated. Beyond the contacts between CaM and the Na~V~1.5 CTD mapped in the binary structure, another set of potential contacts include intercomplex interactions between the CaM C-lobe of one binary complex and the globular domain of a second binary complex. These interactions, observed in the x-ray crystal structure within the asymmetric unit but not confirmed biochemically or functionally ([@bib13]), result from the IQ domain of one Na~V~1.5 CTD fitting into a groove on the globular domain of a second Na~V~1.5 CTD (Fig. S1, E and F). Whether these interprotein CTD to CTD interactions occur in vivo or have a consequence on channel function is not known. Nevertheless, previous studies of dominant-negative Brugada syndrome mutations hint that interprotein Na~V~1.5 α subunit interactions exist and influence channel function. Although those interactions have only been found between the cytoplasmic Na~V~1.5 N termini ([@bib9]; [@bib16]), interactions between CTDs of the homologous voltage-gated L-type Ca^2+^ channel family are proposed to affect channel function by coupling the gating properties of the interacting channels ([@bib11]; [@bib23]). Intriguingly, these inter-CTD interactions and the consequent coupled gating in L-type Ca^2+^ channels are dependent on CaM, but the molecular details by which CaM affects coupling of Ca~V~ channels are not known.

Materials and methods {#s02}
=====================

Molecular biology {#s03}
-----------------

Human Na~V~1.5 CTD (amino acids 1773--1940), human Na~V~1.2 (amino acids 1777--1937), and human Na~V~1.6 CTD (amino acids 1769--1926) were cloned into pET28. The Na~V~1.5 III-IV linker (amino acids 1471--1522) was cloned into pSMT. CaM was cloned into pSGC02 as previously described ([@bib21]). Na~V~1.2 and Na~V~1.5 were cloned into pcDNA3.1 and subjected to site-directed mutagenesis (C373Y in Na~V~1.5 to generate the tetrodotoxin \[TTX\]-sensitive Na~V~1.5^TTX-S^; [@bib36]). Human Na~V~1.6 (containing the substitution Y371C to make it TTX resistant) was generated by gene synthesis using optimized codons for mammalian expression (Genewiz) and cloned into pcDNA3.1. All site-directed mutagenesis for the various mutations tested was performed with QuikChange (Agilent Technologies), and the mutations were verified by sequencing. CaM for mammalian expression was cloned into pCI.

Recombinant protein expression and purification {#s04}
-----------------------------------------------

Plasmids were transformed into BL-21 (DE3) *Escherichia coli*. Bacteria were grown in Luria broth medium to OD~600~ = 0.6--0.8 before induction with 1 mM isopropyl-1-thio-β-[d]{.smallcaps}-galactopyranoside (IPTG) at 16°C for 48 h or 20°C for 16 h. Cells were harvested, and the initial purification was performed as previously described ([@bib41]). Additional purification was performed by gel filtration on a Superdex 200 10/300L column on an AKTA FPLC (GE Healthcare) in a buffer containing 300 mM NaCl, 20 mM Tris-HCl, 5 mM imidazole, and 5 mM EGTA, pH 7.5. Protein concentrations were determined by UV absorbance with a NanoDrop (Thermo Fisher Scientific). CaM protein was purified as previously described ([@bib21]) and further purified by FPLC with the above buffer. For the Na~V~1.5 III-IV linker interaction studies, the proteins were expressed and purified, mixed together in equimolar ratios, and incubated at 4°C for 1 h before chromatography on a Superdex S75 column.

Isothermal titration calorimetry (ITC) {#s05}
--------------------------------------

Experiments were performed with an VP-ITC (MicroCal) at 20°C, as previously described ([@bib41]). In brief, the Na~V~ CTDs (20--45 µM) were titrated with 1 injection of 5 µl and 27 injections of 10 µl of solutions containing CaM (200--350 µM).

HEK293T cell culture and transfection {#s06}
-------------------------------------

HEK293T cells were maintained in DMEM containing 10% FBS at 37°C. The cells were plated on 60-mm tissue culture dishes, grown to 50--70% confluency, and transfected with Lipofectamine 2000 (Invitrogen) in serum-reduced medium (Opti-MEM; Invitrogen) according to the manufacturer's instructions. The total amount of cDNA used per dish was 3 µg for Na~V~1.2, Na~V~1.5, or Na~V~1.6; 1.5 µg of Na~V~ β1 (for Na~V~1.5) or 1.5 µg of Na~V~ β2 (for Na~V~1.2 or Na~V~1.6); 2 µg of CaM or empty vector in 5 ml of transfection medium. After 24 h, the cells were replated on coverslips coated with 50 µg/ml poly-[d]{.smallcaps}-lysine (Sigma-Aldrich) at a low density for electrophysiology.

Quantification of CaM overexpression in HEK293 {#s07}
----------------------------------------------

CaM, Na~V~1.5, and Na~V~ β1 were transfected into HEK293T cells. Cells were lysed in buffer containing 150 mM NaCl, 5 mM EGTA, and 50 mM Tris-HCl, pH 7.5, supplemented with protease inhibitor (Roche) and 1% Triton X-100. Lysates were centrifuged at 4°C at 16,000 *g* for 10 min, and the protein concentration was determined by the bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). A total of 20 µg of protein was loaded onto an 8--16% SDS-PAGE gel, and the proteins were subsequently transferred to a nitrocellulose membrane. CaM was identified by immunoblot with an anti-CaM antibody (EMD Millipore). A CaM standard was run on the same gel using purified recombinant CaM.

Protein cross-linking with disuccinimidyl glutarate (DSG) and liquid chromatography electrospray ionization tandem mass spectrometry (LC-MS/MS) analysis {#s08}
--------------------------------------------------------------------------------------------------------------------------------------------------------

The 6×His-tagged Na~V~1.5 CTD and CaM or Na~V~1.5 only were coexpressed and copurified by metal affinity chromatography as described in Recombinant protein expression and purification. The purified protein was exchanged into PBS buffer supplemented with 5 mM EGTA and concentrated ∼1,000-fold using 10K MWCO centrifugal filters (Amicon Ultra concentrator; EMD Millipore). DSG (Thermo Fisher Scientific) was added to the proteins (concentration ∼10 µM) at 0.1, 0.3, or 3 mM at 25°C for 45 min. Cross-linking was terminated by the addition of 1 M Tris-Cl, pH 7.5. The cross-linked proteins were separated by SDS-PAGE, and the bands were excised and processed for mass spectrometry by the Duke Proteomics Core facility. In brief, the excised bands were subjected to an in-gel reduction, iodoacetamide alkylation, and trypsin digestion as previously described ([@bib45]). Extracted peptides were lyophilized to dryness and then resuspended in 20 µl of 2% acetonitrile, 0.1% formic acid before LC-MS/MS analysis. Chromatographic separation was performed on a Waters NanoAcquity UPLC equipped with a 1.7 µm BEH130 C~18~ 75 µm I.D. X 250 mm reversed-phase column. The mobile phase consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. After a 4-µl injection, peptides were trapped for 5 min on a 5 µm Symmetry C~18~ 180 µm I.D. X 20 mm column at 5 µl/min in 99.9% A. The analytical column was then switched in-line, and a linear elution gradient of 5% B to 40% B was performed over 90 min at 400 nl/min. The analytical column was connected to a fused silica PicoTip emitter (New Objective) with a 10-µm tip orifice and coupled to a Thermo QExactive Plus high-resolution accurate mass tandem mass spectrometer (Thermo Fisher Scientific) through an electrospray interface. The instrument was operated in data-dependent mode of acquisition with precursor MS scans from *m*/*z* 375--1,600 and the top 10 most abundant precursor ions being subjected to MS/MS fragmentation. For all experiments, charge-dependent CID energy settings were used, and a 20-s dynamic exclusion was used for previously fragmented precursor ions.

Qualitative identifications and cross-linked peptide identification from raw LC-MS/MS data {#s09}
------------------------------------------------------------------------------------------

Raw LC-MS/MS data files were processed in Mascot distiller (Matrix Science) and then submitted to independent Mascot database searches (Matrix Science) against a Swiss-Prot human database appended with the reverse sequence of all of the forward entries. Search tolerances were 5 ppm for precursor ions and 0.02 D for product ions using trypsin specificity with up to two missed cleavages. Carbamidomethylation (+57.0214 D on C) was set as a fixed modification, whereas oxidation (+15.9949 D on M) and hydrolyzed DSG (+114.031694 D on K) were considered as variable modifications. All searched spectra were imported into Scaffold (Proteome Software), and protein confidence thresholds were set using a Bayesian statistical algorithm based on the PeptideProphet and ProteinProphet algorithms, which yielded a peptide and protein false discovery rate \<1% ([@bib19]; [@bib26]). To identify cross-linked species, Mascot distiller--generated MGF files were submitted to MassMatrix (v 2.4.2, Feb 2012) searches against a forward/reverse database containing only the proteins of interest ([@bib48]). Search mass tolerances and modifications were as described for Mascot searches, with the "advanced search" option enabled to allow for inter- or intrapeptide cross-linking of DSG (+96.0211 D). Specificity of the cross-linker was confined to lysine--lysine residues. Trypsin rules were set to not allow cleavage at a cross-linked modified residue, and only one cross-link per peptide pair was allowed. A peptide match within MassMatrix was only considered if peptide scoring thresholds were above that required for a matching probability less than p-value \<0.05.

Primary cerebellar culture and transfection {#s10}
-------------------------------------------

Primary dissociated cerebellar cultures were prepared using minor modifications of our previously described procedure ([@bib49], [@bib50]). In brief, the cerebellum cortex was dissected on ice from P6--P8 male or female WT C57BL/6J (The Jackson Laboratory), digested with 0.25% trypsin for 10--15 min at 37°C with Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich), and dissociated into single cells by gentle trituration. The cells were seeded onto coverslips coated with 50 µg/ml poly-[d]{.smallcaps}-lysine (Sigma-Aldrich) and 20 µg/ml laminin (Sigma-Aldrich) at a density of 2.5--3.0 × 10^5^ cells/per coverslip (12-mm diameter) in DMEM supplemented with 10% heat-inactivated FBS. The cells were maintained in a humidified incubator in 5% CO~2~ at 37°C. After 15--16 h, the medium was replaced with basal medium Eagle (BME; Sigma-Aldrich) supplemented with 2% B27 (Invitrogen), 5% FBS, 25 mM uridine, 70 mM 5-fluorodeoxyuridine, and 20 mM KCl. After 5--7 d in vitro (DIV), the neurons were transiently transfected with 1 µg plasmid DNA (CaM or empty vector; Na~V~1.6^TTX-R^ or pcDNA3; and 0.1 µg pEGFP) per coverslip with calcium phosphate. Recordings were performed 7--12 d after transfection.

Electrophysiological recordings {#s11}
-------------------------------

Whole-cell currents and membrane voltage from HEK293T cells and cerebellar neurons were obtained at room temperature (∼25°C) using an EPC 10 USB patch amplifier (HEKA). The signal was filtered at 2.9 Hz and digitized at 20 Hz. Transient and persistent Na^+^ currents were recorded from transfected HEK293T cells with an extracellular solution containing (mM) 124 NaCl, 5 KCl, 2 CaCl~2~, 1 MgCl~2~, 20 TEA-Cl, 5 HEPES, and 10 glucose. Transient and persistent Na^+^ currents were recorded from cerebellar Purkinje neurons with the same solution supplemented with (mM) 0.3 CdCl~2~, 2 BaCl~2~, and 5 4-aminopyridine (4-AP), whereas the KCl and CaCl~2~ were removed. NaOH was added to achieve pH 7.3 (300--310 mOsm). Borosilicate glass patch pipettes (resistance 2--3 MΩ for HEK293T cells and 3--4 MΩ for cultured cerebellar Purkinje neurons) were filled with the following internal solution (mM): 125 CsF, 10 NaCl, 10 HEPES, 15 TEA-Cl, 1.1 EGTA, and 0.5 Na-GTP, adjusted to pH 7.3 with CsOH (290--300 mOsm). All drugs were from Sigma-Aldrich, except for TTX (Abcam). The persistent Na^+^ current was isolated by subtraction after addition of 1 µM TTX. Series resistance was compensated \>80% for HEK293T cells and \>70% for Purkinje neurons. The liquid junction potentials were not corrected.

For peak current amplitude measurements, HEK293T cells and neurons were held at −120 mV and −90 mV, respectively. Persistent Na^+^ current was measured at 150 ms during a 200-ms depolarizing pulse to −20 or −10 mV (Na~V~1.6) and expressed as a normalized value to the peak Na^+^ current amplitude (percentage of peak Na^+^ current). The rate of decay (τ) of the Na~V~1.2 transient Na^+^ current (at −20 mV) was obtained by fitting with a single exponential function, *I*(*t*) = *I*~Na~ exp^(−t/τ)^ + *I~SS~*, where *I*(*t*) is the amplitude of the current at time *t* and *I~SS~* is the steady-state current during a single voltage step. The transient Na^+^ current was elicited by depolarizing pulses of 40 ms from −120 (HEK293T) or −90 mV (cerebellar Purkinje neurons) to 55 mV in 5-mV increments. Current density was obtained by normalizing peak Na^+^ current to membrane capacitance. Na^+^ activation curves were obtained by transforming current data to conductance (G), with the equation G = *I*~Na~/(E~m~ − E~rev~), where *I*~Na~ is the peak current, E~m~ is the membrane potential, and E~rev~ is the reversal potential of *I*~Na~, and fitted with a Boltzmann equation of the form: G = G~max~/\[1 + exp(*V*~1/2~ − *V*)/*k*\], where G~max~ is the extrapolated maximum Na^+^ conductance, *V* is the test voltage, *V*~1/2~ is the half-activation voltage, and *k* is the slope factor. For Na^+^ steady-state inactivation, a voltage step to −20 mV for 20 ms was applied from a holding potential of −120 mV (for HEK293T cells) or −90 mV (for cerebellar Purkinje neurons) to preferentially activate *I*~Na~ after prepulse conditioning voltage steps of 500 ms in duration (ranging from −110 or 90 mV to 20 mV) in 5-mV increments. Steady-state inactivation curves were constructed by plotting the normalized peak current amplitude elicited during the test pulse as a function of the conditioning prepulse. A Boltzmann relationship, *I*/*I*~max~ = (1 + exp((*V* − *V*~1/2~)/*k*))^−1^ was used to fit the data, where *I*~max~ is current elicited by the test pulse after a −90-mV prepulse, *V*~1/2~ is half-inactivation voltage, and *k* is the slope.

Statistical analyses {#s12}
--------------------

Data analysis was performed using FitMaster (HEKA), Excel (Microsoft), and Origin 8 software. All averaged data are presented as mean ± SEM. Statistical significance was determined using Student's *t* test or one-way ANOVA. Calculated p-values of ≤0.05 were accepted as evidence of statistically significant differences.

Online supplemental material {#s13}
----------------------------

Fig. S1 shows CaM interaction with the Na~V~ CTD. Fig. S2 shows the measurement of persistent Na^+^ current from Na~V~1.5^TTX-S^. Fig. S3 shows structural parallels between the Na~V~1.5 and Ca~V~1.1 CTDs.

Results {#s14}
=======

LQT3 mutations within the IQ motif increase the persistent Na^+^ current and affect apoCaM interaction {#s15}
------------------------------------------------------------------------------------------------------

We first tested the consequences of LQT3 mutations within the IQ motif, where the CaM C-lobe binds. We used a heterologous expression system in which we expressed a Na~V~1.5 mutant channel with a Y373C substitution that confers an ∼1,000-fold increase in TTX sensitivity. The Y373C mutant Na~V~1.5 channel (Na~V~1.5^TTX-S^) otherwise displays WT Na~V~1.5 channel properties ([@bib36]), so the addition of TTX allows background subtraction and consequent accurate quantification of the relatively small amplitude persistent Na^+^ current that is characteristic of LQT3 mutations (Fig. S2). All recordings were performed with CsF and EGTA in the patch pipette to chelate intracellular Ca^2+^ and thereby remove any contribution of Ca^2+^ action through endogenous CaM. Under these conditions (and with coexpression of an empty plasmid "Con" as a control for experiments in which CaM is overexpressed; e.g., [Fig. 2](#fig2){ref-type="fig"}), the pseudo-WT Na~V~1.5^TTX-S^ channel displayed a normalized (to the peak current) persistent Na^+^ current amplitude of 0.63 ± 0.08% (*n* = 35), as shown in [Fig. 1 A](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}. In contrast, the persistent Na^+^ current amplitude for the LQT3-associated mutant of the signature Gln residue within the IQ motif to Arg (Q1909R) was more than double (1.40 ± 0.12%, *n* = 15, P \< 0.01 compared with Na~V~1.5^TTX-S^; [Fig. 1 A](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}), consistent with previous studies ([@bib18]; [@bib46]). Because the Q1909R mutation did not significantly alter peak current density ([Fig. 1 A](#fig1){ref-type="fig"}, inset; and [Table 1](#tbl1){ref-type="table"}), the mutation-dependent increase in the normalized persistent Na^+^ current amplitude thus reflects a specific change in the persistent Na^+^ current properties. Two other LQT3 mutations within the IQ motif (E1901Q and R1913H) also increased the persistent Na^+^ current amplitude ([Fig. 1, B and C](#fig1){ref-type="fig"}; and [Table 1](#tbl1){ref-type="table"}), again without any effect on the peak current density. As a control, we mutated L1917, which is just distal to the apoCaM C-lobe--binding site. Compared with Na~V~1.5^TTX-S^, a L1917K mutant channel did not show an increased persistent Na^+^ current ([Fig. 1, B and C](#fig1){ref-type="fig"}; and [Table 1](#tbl1){ref-type="table"}). Peak current density was also unaffected.

![**LQT3 mutations in the IQ domain increase the persistent Na^+^ current amplitude.** (A) Exemplar traces of the pseudo-WT Na~V~1.5^TTX-S^ and Q1909R (magnified region on the right). Y axis of scale bars represents the percentage of persistent current amplitude normalized to the peak Na^+^ current. The inset shows I-V plots of peak current amplitude for Na~V~1.5^TTX-S^ and Q1909R, demonstrating no significant difference in peak current amplitude between Na~V~1.5^TTX-S^ and Q1909R. (B) Magnified region of exemplar traces showing persistent Na^+^ current for the LQT3 mutations in the CaM C-lobe--binding site and the L1917K. (C) Quantification of persistent Na^+^ current (as % peak of current). The white number in each bar indicates the number of cells, *n*. Data are presented as mean ± SEM. \*\*, P \< 0.01.](JGP_201611721_Fig1){#fig1}

###### Peak Na^+^ current density and persistent Na^+^ current

  Na^+^ current tested                  Con                                                                 CaM                                                                           
  ------------------------------------- ----------- ------------------------------------------------------- ----- -- ----------- -------------------------------------------------------- ----
                                        *pApF*      *% of peak*                                                      *pApF*      *% of peak*                                              
  Na~V~1.5^TTX-S^                       −210 ± 13         0.63 ± 0.08                                       35       −211 ± 16          0.54 ± 0.09                                       25
  D1790G                                −170 ± 22         0.76 ± 0.11                                       22       −180 ± 22          0.57 ± 0.09                                       17
  Y1795C                                −205 ± 21         1.74 ± 0.19[^a^](#ttbl1n1){ref-type="table-fn"}   18       −192 ± 12          0.48 ± 0.07                                       18
  E1901Q                                −175 ± 18         2.47 ± 0.53[^a^](#ttbl1n1){ref-type="table-fn"}   13       −176 ± 24          0.30 ± 0.07                                       13
  Q1909R                                −188 ± 21         1.40 ± 0.12[^a^](#ttbl1n1){ref-type="table-fn"}   15       −200 ± 28          0.50 ± 0.07                                       15
  R1913H                                −184 ± 16         1.51 ± 0.21[^a^](#ttbl1n1){ref-type="table-fn"}   15       −188 ± 20          0.50 ± 0.08                                       15
  L1917K                                −185 ± 21         0.27 ± 0.06                                       11       −175 ± 25          0.29 ± 0.06                                       11
  ΔKPQ                                  −171 ± 19         1.90 ± 0.19[^a^](#ttbl1n1){ref-type="table-fn"}   14       −170 ± 27          1.95 ± 0.21[^a^](#ttbl1n1){ref-type="table-fn"}   14
  Na~V~1.2 WT                           −228 ± 37         0.66 ± 0.17                                       16       −193 ± 16          0.50 ± 0.13                                       16
  H1853R                                −204 ± 17         1.41 ± 0.20[^b^](#ttbl1n2){ref-type="table-fn"}   15       −181 ± 27          0.61 ± 0.13[^b^](#ttbl1n2){ref-type="table-fn"}   15
  R1918H                                −158 ± 27         3.17 ± 0.53[^b^](#ttbl1n2){ref-type="table-fn"}   20       −162 ± 27          0.80 ± 0.12[^b^](#ttbl1n2){ref-type="table-fn"}   20
  Na~V~1.6 WT                           −70 ± 4.7         13.20 ± 2.34                                      24       −79 ± 13           5.01 ± 0.92[^c^](#ttbl1n3){ref-type="table-fn"}   24
  Na~V~1.6^TTX-R^ in Purkinje neurons   −119 ± 16         6.96 ± 0.91                                       12       −130 ± 10          3.36 ± 0.45[^c^](#ttbl1n3){ref-type="table-fn"}   10
  Purkinje neurons                      −137 ± 13         9.03 ± 0.74                                       22       −132 ± 11          3.75 ± 0.54[^c^](#ttbl1n3){ref-type="table-fn"}   18

P \< 0.01 compared with Na~V~1.5^TTX-S^.

P \< 0.01 compared with Na~V~1.2.

P \< 0.01 compared with Con.

Based on the previous observation that the result of mutation of I1908 and Q1909 to Ala (IQ/AA) was increased persistent Na^+^ current and markedly reduced CaM binding to the Na~V~1.5 CTD ([@bib20]), we hypothesized that the LQT3 mutations within the IQ motif, associated with increases in persistent Na^+^ current, adversely affected the affinity of CaM for the mutant Na~V~1.5 CTD. In that previous study ([@bib20]), we had tested whether CaM interacted with the Na~V~1.5 CTD by expressing both CaM and a 6×His-tagged Na~V~1.5 CTD in *E. coli* and assaying for copurification of the untagged CaM with the 6×His-tagged Na~V~1.5 CTD isolated by metal affinity chromatography. Although we observed stoichiometric purification of CaM with the WT Na~V~1.5 CTD, for the IQ/AA mutant, we detected no copurification of CaM. Here, we used ITC to obtain a quantitative assessment of binding. Experiments were performed in EGTA to mimic the functional studies and to eliminate any of the previously observed Ca^2+^-dependent conformational changes between CaM and CTD ([@bib42]). We measured a *K*~d~ of 99 ± 4 nM for the WT Na~V~1.5 CTD and apoCaM ([Fig. 2 A](#fig2){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}), in excellent agreement with previous measurements ([@bib13]; [@bib42]). Consistent with our previous result showing no apoCaM interaction with the IQ/AA mutant in the copurification assay ([@bib20]), we detected no apoCaM binding with an IQ/AA Na~V~1.5 CTD mutant ([Table 2](#tbl2){ref-type="table"}) by ITC. Similarly, for the LQT3 mutant Q1909R, we detected only minimal apoCaM binding to the mutant CTD ([Fig. 2 B](#fig2){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}). We remain cautious about assigning a specific *K*~d~ to this mutant, however, because the Q1909R mutant CTD showed decreased solubility, as indicated by a relatively poor recovery of the recombinant CTD protein from the high-speed supernatant compared with its abundance in the cell lysate (not depicted), analogous to our previous observation with the IQ/AA CTD ([@bib20]). Thus, folding of the Q1909R mutant CTD may be compromised, and the effect on apoCaM binding may be exaggerated. Supporting our overall hypothesis, the apoCaM affinity was also reduced by the E1901Q and R1913H LQT3 mutations, albeit to levels that were measurable by ITC ([Table 2](#tbl2){ref-type="table"}). However, the effect of the R1913H mutation on the *K*~d~ value for apoCaM may be exaggerated, as the reduced *n* value (0.73 ± 0.03) compared with the WT (0.99 ± 0.02) suggests that folding of the R1913H mutant Na~V~1.5 CTD may be compromised even though recovery of both R1913H and E1901Q mutant CTD proteins in the high-speed supernatant was similar to the WT protein (not depicted). For the L1917K control, however, the affinity was similar to the WT Na~V~1.5 CTD ([Table 2](#tbl2){ref-type="table"}). Thus, LQT3 mutations within the apoCaM C-lobe--binding site on the Na~V~1.5 CTD reduce apoCaM affinity.

![**LQT3 mutations in the IQ domain decrease apoCaM binding affinity and show reduced persistent Na^+^ current after CaM overexpression.** (A and B) Exemplar ITC traces for apoCaM and a WT Na~V~1.5 CTD (A) or a Q1909R Na~V~1.5 CTD (B). (C) Western blot of CaM from lysates of HEK293T cells expressing Na~V~1.5^TTX-S^, Na~V~ β1, and empty vector (−) or CaM (+). (D) Exemplar traces of Na~V~1.5^TTX-S^ with an additional Q1909R mutation coexpressed with CaM (red) or empty vector (black), showing rescue of the persistent Na^+^ current. (E) Exemplar traces recorded from cells expressing the pseudo-WT Na~V~1.5^TTX-S^ coexpressed with CaM (red) or empty vector (black), showing no effect on the persistent Na^+^ current. (F) Quantification of persistent Na^+^ current amplitude as a percentage of peak current after overexpression of CaM (red) compared with Con (black; data from [Fig. 1 C](#fig1){ref-type="fig"}). Data are presented as mean ± SEM. \*\*, P \< 0.01.](JGP_201611721_Fig2){#fig2}

###### Summary of ITC data

  Cell           *K*~d~ (nM)                                          ΔH            ΔS              *n* value     *n*
  -------------- ---------------------------------------------------- ------------- --------------- ------------- -----
                                                                      *Kcal/mol*    *cal/mol/deg*                 
  **Na~V~1.5**                                                                                                    
  WT             99 ± 4                                               −10.5 ± 0.1   −3.6 ± 0.2      0.99 ± 0.02   4
  D1790G         128 ± 36                                             −10.5 ± 0.6   −2.4 ± 1.1      0.25 ± 0.04   3
  Y1795C         283 ± 8[^a^](#ttbl2n2){ref-type="table-fn"}          −7.43 ± 0.2   4.6 ± 0.5       0.92 ± 0.02   3
  Y1795H         103 ± 4                                              −10.2 ± 0.2   −3.0 ± 0.6      0.76 ± 0.02   3
  E1901Q         243 ± 9[^a^](#ttbl2n2){ref-type="table-fn"}          −9.0 ± 0.2    −0.5 ± 0.6      0.85 ± 0.00   3
  Q1909R         32,600 ± 1,300[^a^](#ttbl2n2){ref-type="table-fn"}   −14.9 ± 3.9   −37 ± 10        0.04 ± 0.02   3
  R1913H         2,980 ± 570[^a^](#ttbl2n2){ref-type="table-fn"}      −9.0 ± 0.3    −5.3 ± 1.2      0.73 ± 0.03   3
  L1917K         75 ± 29                                              −9.8 ± 1.0    −3.0 ± 0.6      0.98 ± 0.08   3
  IQ/AA          Not detected                                         \-            \-              \-            3
  **Na~V~1.2**                                                                                                    
  WT             36 ± 6                                               −4.54 ± 0.1   18.6 ± 0.6      1.02 ± 0.02   3
  H1853R         172 ± 20[^a^](#ttbl2n2){ref-type="table-fn"}         −8.3 ± 0.2    2.6 ± 1.0       0.30 ± 0.05   3
  R1918H         112 ± 20[^a^](#ttbl2n2){ref-type="table-fn"}         −7.5 ± 0.2    6.2 ± 0.9       0.90 ± 0.40   3
  **Na~V~1.6**                                                                                                    
  WT             276 ± 63[^b^](#ttbl2n3){ref-type="table-fn"}         −17.5 ± 0.3   −29.5 ± 1.1     0.24 ± 0.01   3

IQ/AA, IQ1908-1909AA.

P \< 0.01 compared with WT.

P \< 0.01 compared with Na~V~1.5 WT.

We next investigated whether the decrease in apoCaM binding affinity was causal for the LQT3 mutants' increased persistent Na^+^ current by testing whether overexpressed CaM could, by mass action, surmount the decreased apoCaM affinity and thereby reduce the persistent Na^+^ current. We achieved a 107 ± 26% (*n* = 3) relative increase in cellular CaM concentration by overexpression under the conditions used for electrophysiology, as indicated by immunoblotting for CaM ([Fig. 2 C](#fig2){ref-type="fig"}). With this background, we then examined the normalized persistent Na^+^ current for the Q1909R mutant and found that CaM overexpression reduced the persistent Na^+^ current to 0.50 ± 0.07% ([Fig. 2 D](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}), a level similar to that observed for the pseudo-WT Na~V~1.5^TTX-S^ in the absence of CaM overexpression. In contrast, we observed no effect on persistent Na^+^ current amplitude when CaM was overexpressed with Na~V~1.5^TTX-S^ (0.54 ± 0.09% of peak current, *n* = 25; [Fig. 2 E](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). The two other mutants showing increased persistent Na^+^ current and decreased CaM binding affinity (E1901Q and R1913H) were also rescued by CaM overexpression, but persistent Na^+^ current for the control L1917K mutation that did not affect CaM binding affinity was not rescued by CaM overexpression ([Fig. 2 F](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). Thus, the mutation-induced decrease in CaM affinity is causal for increased persistent Na^+^ current for these CTD mutants.

A LQT3 mutation reveals CTD--CTD interactions that affect apoCaM and channel function {#s16}
-------------------------------------------------------------------------------------

Because the CaM N-lobe contacts the Na~V~1.5 CTD globular domain (Fig. S1), we next tested whether an LQT3 mutation in the globular domain also affected apoCaM binding and persistent Na^+^ current. We focused on the consequences of the well-characterized LQT3 mutation Y1795C in the globular domain. A previous investigation showed that Y1795C significantly increased the persistent Na^+^ current amplitude ([@bib33]), so we hypothesized that Y1795C likewise perturbed the interaction between the Na~V~1.5 CTD and apoCaM. Indeed, ITC showed that the mutant Na~V~1.5 CTD had a reduced affinity for apoCaM ([Table 2](#tbl2){ref-type="table"}). Y1795 sits atop of the globular domain and is remote from apoCaM in the Na~V~1.5 CTD--CaM binary complex (Fig. S1 D), yielding no ready explanation for the mutant's reduced apoCaM affinity except for an allosteric effect. However, when we focused on the location of Y1795 in the context of the multiple interacting binary complexes observed in the crystal's asymmetric unit, in which Y1795C sits within a groove that envelopes the IQ domain of a second binary complex (Fig. S1 E; [@bib13]), another possible rationale emerged. This arrangement, which nestles the apoCaM of the second binary complex against the globular domain of the first ([Fig. 3, A and B](#fig3){ref-type="fig"}), suggested to us that Y1795C interfered with this intercomplex interaction and thus affected the interaction between the globular domain of the CTD in one binary complex and the apoCaM of a second complex. Although size exclusion chromatography failed to detect multimerization of binary complexes ([@bib13]), we reasoned that the interaction might be dynamic or that detection required conditions closer to those that supported the multimerization observed in the crystals than those used for chromatography. We therefore looked for any evidence of inter-CTD interaction by using the lysine cross-linker DSG on concentrated recombinant material. Specifically, we attempted to exploit the proximity of Lys1878 on the surface of the globular domain of one Na~V~1.5 CTD and Lys1922 on the IQ domain of a second Na~V~1.5 CTD ([Fig. 3 B](#fig3){ref-type="fig"}), two lysines that are otherwise remote within one CTD, but the only two lysines within an appropriate distance for intersubunit cross-linking. We coexpressed a 6×His tagged Na~V~1.5 CTD (∼23 kD) with an untagged CaM (∼17 kD), purified the complex by metal affinity chromatography as we previously reported ([@bib20]), and concentrated the material to ∼10 µM. After adding DSG to the purified complex, we observed that some material migrated as a higher molecular mass species of ∼45 kD ([Fig. 3 C](#fig3){ref-type="fig"}) on SDS-PAGE, consistent with a CTD--CTD interaction. Importantly, we did not observe a band near 40 kD or 34 kD, the expected sizes for a CaM--CTD cross-linking or a CaM--CaM cross-linking, respectively. The material was excised from the gel, subject to trypsin proteolysis, and analyzed by mass spectrometry. The detected peptides were scored for intensity in a pairwise analysis of all possible Lys--Lys interactions ([Fig. 3 D](#fig3){ref-type="fig"}). Analyses of these pairs revealed a low abundance of cross-linking of adjacent Lys residues in the CaM N-lobe (Lys22 to Lys31). We also observed cross-linking of adjacent Lys residues in the Na~V~1.5 CTD (Lys1872 to Lys1878, or Lys1878 to Lys1886, which are in flexible loops within the CTD globular domain). Additionally, there was a low abundance of cross-linking of peptides in the CTD to CaM, such as Lys1922 in the IQ domain to Lys149 in the CaM C terminus were detected. Notably, however, mass spectrometry showed a relatively high abundance of cross-linking between peptides containing Lys1878 and Lys1922 of the Na~V~1.5 CTD ([Fig. 3 D](#fig3){ref-type="fig"}, circle/arrow). Thus, these data suggest that binary CTD complexes can multimerize in solution, albeit at low efficiency.

![**Na~V~1.5 CTD--CaM heterodimer interaction is disrupted by the Y1795C LQT3 mutation.** (A and B) Proposed interaction between two Na~V~1.5 CTD--CaM heterodimers and position of Y1795C in one of the Na~V~1.5 CTDs. The positions of Lys1878 in one Na~V~1.5 CTD globular domain (sky blue) and Lys1922 in the IQ domain of a second Na~V~1.5 CTD (green), which are available for cross-linking by DSG, are indicated. (C) Coomassie-blue--stained gel of Na~V~1.5 CTD and CaM after cross-linking with DSG or buffer control (Con). Molecular weight markers are indicated. (D and F) XMapper display of LC/MS data showing DSG cross-linked peptide 1 for the WT Na~V~1.5 CTD and CaM (WT) and the Y1795C mutant Na~V~1.5 CTD and CaM. The intensity score (color code) indicates the number of peptides identified for each pairwise interaction. The position of cross-linking between Lys1878 and Lys1922 is circled and indicated by an arrow. (E) LC/MS data showing the cross-linked peptide. (G) Exemplar traces showing increased persistent Na^+^ current for the Y1795C and rescue by CaM overexpression. (H) Quantification of persistent Na^+^ current for the pseudo-WT Na~V~1.5^TTX-S^ and the Y1795C Na~V~1.5 mutant with and without CaM overexpression. Data are presented as mean ± SEM. \*\*, P \< 0.01.](JGP_201611721_Fig3){#fig3}

With this demonstration, we then tested the consequence of the Y1795C mutation on cross-linking. Similar to the WT, we observed that some material migrated around ∼45 kD. The pairwise interaction data in [Fig. 3 E](#fig3){ref-type="fig"} show cross-linking between CaM N-lobe lysines and Na~V~1.5 CTD adjacent lysines, similar to the patterns observed for the WT Na~V~1.5 CTD. However, no detectable cross-linking was observed between Lys1878 in the Na~V~1.5 CTD globular domain and Lys1922 in the Na~V~1.5 CTD IQ domain. Thus, the Y1795C-induced disruption of interaction between heterodimers and the consequent loss of contact between a CTD of one heterodimer and CaM in the other provide one possible explanation for the decreased affinity between apoCaM and the Y1795C mutant Na~V~1.5 CTD observed by ITC.

With this biochemical support, we then assessed whether the resultant decreased association between the Na~V~1.5 CTD and apoCaM was causative for the pathological persistent Na^+^ current by examining the consequences on the persistent Na^+^ current after CaM overexpression. As shown in [Fig. 3 (E and F)](#fig3){ref-type="fig"}, CaM overexpression reduced the persistent Na^+^ current for the Y1795C mutant to WT levels. Thus, these data suggest that the Y1795C may increase persistent Na^+^ current by reducing CaM interaction in an interchannel manner. Interestingly, mutation of the same amino acid to histidine (Y1795H) is associated with Brugada syndrome rather than LQT3, and the Y1795H mutant channel showed a minimal effect on the persistent Na^+^ current ([@bib33]). Our model then predicts that the Y1795H mutation would have a smaller effect on apoCaM affinity compared with Y1795C. Indeed, we observed minimal consequences upon apoCaM affinity by ITC ([Table 2](#tbl2){ref-type="table"}) for the Y1795H mutant. Together, our results suggest that an allosteric effect of the Y1795C mutation on apoCaM interaction increases persistent Na^+^ current and provide an alternative mechanistic hypothesis to the proposal that Y1795C increases persistent Na^+^ current by forming an intrachannel disulfide bond with C1850 ([@bib38]).

ApoCaM does not affect LQT3 mutations outside of the known apoCaM interaction sites {#s17}
-----------------------------------------------------------------------------------

The remarkable ability of CaM to rescue functional defects associated with various LQT3 mutations in the Na~V~1.5 CTD led us to consider whether CaM overexpression was a nonspecific stabilizer of Na~V~1.5 channel function rather than a rescuer of a reduced CaM affinity. We therefore tested two additional LQT3 mutants to address this question. First, we examined D1790G, a mutation originally described in a large multigenerational cohort ([@bib3], [@bib4]). D1790 is located within the interior of the globular domain and distant from any CaM contact, and ITC measurement of apoCaM affinity did not show any defect for the D1790G mutant Na~V~1.5 CTD ([Table 2](#tbl2){ref-type="table"}). The biophysical defect associated with D1790G is atypical for a reported LQT3 mutation, in that the D1790G channels display a β subunit--dependent hyperpolarizing shift (compared with WT) in the V~1/2~ of steady-state inactivation and no effect upon persistent Na^+^ current ([@bib1]). We observed the same effect ([Fig. 4 A](#fig4){ref-type="fig"} and [Tables 1](#tbl1){ref-type="table"} and [3](#tbl3){ref-type="table"}). After CaM overexpression, the shifted V~1/2~ of steady-state inactivation was unaffected ([Fig. 4 B](#fig4){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}). Thus, for a CTD mutant that does not perturb CaM binding, CaM overexpression does not affect Na~V~1.5 function.

![**CaM overexpression does not affect channel function for mutants that do not display abnormal interactions with CaM.** (A) Exemplar traces showing no increased persistent Na^+^ current for the D1790G and no change after CaM overexpression. (B) Hyperpolarizing shift in the V~1/2~ of steady-state inactivation for the D1790G mutant Na~V~1.5 and absence of an effect by CaM overexpression. Data are presented as mean ± SEM. (C) Exemplar traces showing increased persistent Na^+^ current for the ΔKPQ mutant and no change after CaM overexpression. (D) Gel filtration profiles of the III-IV linker fusion protein (green), Ca^2+^/CaM (red), and the mixture of the III-IV linker protein and Ca^2+^/CaM (black). (E) Gel filtration profiles of the III-IV linker fusion protein (green), apoCaM (red, treated with EGTA), and the mixture of the III-IV linker protein and apoCaM (black). (F) Gel filtration profiles of the III-IV linker fusion protein (green), the Na~V~1.5 CTD (amino acids 1773--1940) complexed with apoCaM (red), and a mixture of the III-IV linker protein and the Na~V~1.5 CTD--CaM after the addition of 5 mM Ca^2+^ (black). Insets show Coomassie blue--stained polyacrylamide gels; lane numbers correspond to the fractions labeled in the chromatograms. Molecular weight markers are indicated.](JGP_201611721_Fig4){#fig4}

###### Activation and inactivation

  Na~V~1.5 channel (with control plasmid or CaM overexpression plasmid tested)   Activation                                                         Inactivation                                                                            
  ------------------------------------------------------------------------------ ------------------------------------------------------ ----------- -------------- -- --------------------------------------------------------- ----------- ----
                                                                                 *mV*                                                                                 *mV*                                                                  
  Na~V~1.5^TTX-S^/Con                                                                 −48.9 ± 1.3                                       2.1 ± 3.1   15                        −79.3 ± 1.2                                       4.7 ± 0.4   14
  /CaM                                                                                −50.8 ± 1.2                                       1.8 ± 3.6   15                        −81.2 ± 1.6                                       4.5 ± 0.2   10
  D1790G/pcNDA                                                                        −43.8 ± 1.1                                       5.1 ± 0.3   15                        −94.1 ± 1.6[^a^](#ttbl3n1){ref-type="table-fn"}   5.1 ± 0.2   15
  /CaM                                                                                −44.1 ± 1.5[^a^](#ttbl3n1){ref-type="table-fn"}   5.3 ± 0.5   13                        −94.4 ± 1.5[^a^](#ttbl3n1){ref-type="table-fn"}   5.1 ± 0.2   14
  Y1795C/Con                                                                          −54.2 ± 1.6                                       1.6 ± 2.9   16                        −82.4 ± 1.4                                       4.9 ± 0.3   15
  /CaM                                                                                −50.1 ± 1.7                                       2.5 ± 4.0   15                        −81.5 ± 1.1                                       4.3 ± 0.1   15
  E1901Q/Con                                                                          −51.6 ± 1.9                                       2.2 ± 0.3   16                        −84.0 ± 2.2                                       4.7 ± 0.1   13
  /CaM                                                                                −51.0 ± 2.2                                       2.4 ± 0.4   16                        −83.0 ± 1.8                                       4.6 ± 0.2   15
  Q1909R/Con                                                                          −52.2 ± 1.5                                       1.8 ± 0.4   14                        −84.9 ± 1.9                                       4.9 ± 0.3   13
  /CaM                                                                                −49.6 ± 1.6                                       2.5 ± 0.3   16                        −84.3 ± 1.2                                       4.6 ± 0.2   13
  R1913H/Con                                                                          −51.4 ± 1.4                                       1.7 ± 0.3   17                        −79.0 ± 0.9                                       4.7 ± 0.1   15
  /CaM                                                                                −49.4 ± 1.6                                       2.0 ± 0.4   15                        −82.5 ± 0.7                                       5.0 ± 0.2   15
  L1917K/Con                                                                          −46.2 ± 1.7                                       2.5 ± 0.3   13                        −74.2 ± 1.0                                       4.3 ± 0.2   13
  /CaM                                                                                −46.3 ± 1.6                                       2.2 ± 0.3   16                        −77.2 ± 1.2                                       4.0 ± 0.1   16
  ΔKPQ/Con                                                                            −42.5 ± 1.3[^a^](#ttbl3n1){ref-type="table-fn"}   5.3 ± 0.4   15                        −88.1 ± 1.6[^b^](#ttbl3n2){ref-type="table-fn"}   4.6 ± 0.1   15
  /CaM                                                                                −42.3 ± 1.9[^a^](#ttbl3n1){ref-type="table-fn"}   4.8 ± 0.4   15                        −84.8 ± 1.3                                       4.7 ± 0.2   14

P \< 0.01 compared with Na~V~1.5^TTX-S^.

P \< 0.05 compared with Na~V~1.5^TTX-S^.

We next evaluated whether CaM affected the prototypical LQT3 mutation (ΔKPQ) in the Na~V~1.5 intracellular III-IV linker ([@bib43]). Motivation for analyzing a mutation in the III-IV linker derived in part from the striking parallels revealed by the recent structural characterization of the homologous Ca~V~1.1 Ca^2+^ channel ([@bib47]). The proximal portion of that channel's CTD shares an identical fold with the Na~V~1.5 CTD globular domain (Fig. S3 A), and the Ca~V~1.1 channel's III-IV linker lies within a groove on Ca~V~1.1 CTD, analogous to the manner in which the IQ domain of one Na~V~1.5 CTD fits into the globular domain of a second Na~V~1.5 CTD (Fig. S3 B). In the context of this parallel is a previous report that the Na~V~1.5 III-IV linker can bind CaM in a Ca^2+^-dependent manner and a proposed model in which CaM acts as a bridge between the Na~V~1.5 III-IV linker and CTD to influence Na~V~1.5 channel inactivation properties ([@bib35]). We therefore tested whether CaM overexpression affected the persistent Na^+^ current associated with the ΔKPQ mutation. Although we recorded the expected large amplitude persistent Na^+^ current for ΔKPQ (1.90 ± 0.19%), overexpression of CaM did not rescue it (1.95 ± 0.21%), as shown in [Fig. 4 C](#fig4){ref-type="fig"}. Thus, the structural parallels with the Ca~V~1.1 channel may not include an interaction between the CTD and the III-IV linker. Nevertheless, the ΔKPQ recordings were performed in Ca^2+^-free conditions, yet central to the bridging model was a proposed Ca^2+^-dependent ternary complex of Ca^2+^/CaM, the III-IV linker, and the Na~V~1.5 CTD. We therefore queried directly whether a ternary complex containing the Na~V~1.5 CTD, CaM, and the III-IV linker formed in the presence of Ca^2+^. Consistent with the previous study ([@bib35]), we were able to generate a binary complex between CaM and the III-IV linker in the presence of Ca^2+^, but not in its absence: a fraction of a mixture of CaM and a SUMO-tagged III-IV peptide (amino acids 1471--1522) eluted from a size exclusion column earlier than either of the individual components in Ca^2+^ ([Fig. 4 D](#fig4){ref-type="fig"}), but we observed no shift in elution volume when the experiment was repeated in EGTA ([Fig. 4 E](#fig4){ref-type="fig"}). We then examined whether Ca^2+^ drove CaM binding to the III-IV linker when CaM is prebound to the CTD. We first generated a binary complex containing CaM and the Na~V~1.5 CTD without Ca^2+^, to which we then added the SUMO-tagged III-IV peptide in the presence of 5 mM Ca^2+^. [Fig. 4 F](#fig4){ref-type="fig"} shows no evidence for interaction, as no material eluted earlier than the Na~V~1.5 CTD--CaM binary complex. Thus, our biochemical investigations did not support a model in which CaM bridges the III-IV linker to the CTD and therefore provide a rationale for the inability of CaM overexpression to rescue the ΔKPQ mutant.

CaM regulates persistent Na^+^ current in vivo and affects neuronal function {#s18}
----------------------------------------------------------------------------

Having established a strong correlation among LQT3 mutations within the Na~V~1.5 CTD, abnormal inactivation, and decreased apoCaM affinity, we wondered whether CaM similarly modulated the persistent Na^+^ current in other Na~V~ channels and whether a change in CaM affinity was likewise associated with disease mutations. We turned first to Na~V~1.2, for which epilepsy mutations such as an Ohtahara syndrome mutation at H1853R in the globular domain ([@bib22]) and an idiopathic generalized epilepsy mutation at R1918H ([@bib14]) have been associated with an increase in the persistent Na^+^ current. Consistent with the overall pattern observed with LQT3 mutations in Na~V~1.5, we found that both of the Na~V~1.2 mutant channels showed increased persistent Na^+^ current and that this increased persistent Na^+^ current was rescued by CaM overexpression ([Fig. 5, A--C](#fig5){ref-type="fig"}). Moreover, the decay time of inactivation for both Na~V~1.2 mutants was prolonged, and CaM overexpression restored the decay time to the WT rate ([Fig. 5 D](#fig5){ref-type="fig"}). Additionally, both mutant Na~V~1.2 CTDs displayed reduced CaM affinity compared with the WT Na~V~1.2 CTD ([Table 2](#tbl2){ref-type="table"}), thereby extending the overall association of decreased CaM affinity and increased persistent Na^+^ current to Na~V~1.2.

![**ApoCaM regulates persistent Na^+^ current in neuronal Na~V~ channels.** (A and B) Exemplar traces for Na~V~1.2^TTX-R^ (WT) and the Na~V~1.2 mutant R1918H showing increased persistent Na^+^ current for the R1918H mutant (but not for WT) and rescue by CaM overexpression for the R1918H mutant. (C) Summary data showing rescue by CaM for the Na~V~1.2 mutants H1853R and R1918H. (D) Summary data showing increased τ of inactivation and rescue by CaM for the Na~V~1.2 mutants H1853R and R1918H. (E) Exemplar traces for Na~V~1.6^TTX-R^ (WT) expressed in HEK293T cells showing reduced persistent Na^+^ current by CaM overexpression. (F) Exemplar traces for Na~V~1.6^TTX-R^ expressed in cultured cerebellar Purkinje neurons and reduced persistent Na^+^ current by CaM overexpression. (G) Exemplar traces of total Na~V~ Na^+^ current in cultured cerebellar Purkinje neuron showing reduction in persistent Na^+^ current after CaM overexpression. The inset shows GFP-expressing cultured cerebellar Purkinje neuron. Bar, 20 µm. (H) Summary data for Na~V~1.6 expressed in HEK293T cells or in cultured cerebellar Purkinje neurons or total Na~V~ Na^+^ current in cultured cerebellar Purkinje neurons. Data are presented as mean ± SEM. \*, P \< 0.05; \*\*, P \< 0.01.](JGP_201611721_Fig5){#fig5}

We also tested whether CaM regulates the persistent Na^+^ current for Na~V~1.6. As shown by a study in Na~V~1.6 knockout mice, Na~V~1.6 is the major contributor to the large overall Na~V~ channel persistent Na^+^ current observed in cerebellar Purkinje neurons ([@bib30]). The large contribution of Na~V~1.6 to the persistent Na^+^ current becomes immediately obvious when analyzing the Na^+^ current of isolated Na~V~1.6 expressed in HEK293T cells ([Fig. 5 E](#fig5){ref-type="fig"}). Given the correlation between decreased CaM affinity and an increased magnitude of persistent Na^+^ current established by our data with Na~V~1.5 and Na~V~1.2 mutants, we therefore expected that the WT Na~V~1.6 CTD had a lower affinity for CaM than Na~V~1.5 or Na~V~1.2 CTDs. Indeed, ITC measurement showed a reduced affinity of CaM for the Na~V~1.6 CTD compared with either the Na~V~1.2 or Na~V~1.5 CTDs ([Table 2](#tbl2){ref-type="table"}). To test whether this reduced CaM affinity contributed to the persistent Na^+^ current, we overexpressed CaM with Na~V~1.6 in HEK293T cells and measured the resulting effect on the late Na^+^ current. As with Na~V~1.5 and Na~V~1.2 disease mutants that had increased persistent Na^+^ currents and decreased apoCaM affinity, CaM overexpression reduced the persistent Na^+^ current amplitude for Na~V~1.6 ([Fig. 5, E and H](#fig5){ref-type="fig"}; and [Table 1](#tbl1){ref-type="table"}).

The large amplitude persistent Na^+^ current from Na~V~1.6 offered an opportunity to test whether CaM modulated persistent Na^+^ current in native cells. First, we expressed a TTX-resistant Na~V~1.6 (Na~V~1.6^TTX-R^) in the cultured cerebellar Purkinje neurons and isolated this exogenous Na~V~1.6 current by applying TTX to silence the endogenous Na~V~ channels. The persistent Na^+^ current was then identified by background subtraction after application of 5 mM lidocaine to the remaining current. As in HEK293T cells, exogenous Na~V~1.6 (Na~V~1.6^TTX-R^) expressed in cerebellar Purkinje neurons displayed a large amplitude persistent Na^+^ current that was reduced by CaM overexpression ([Fig. 5, F and H](#fig5){ref-type="fig"}). With this foundation, we then measured the endogenous persistent Na^+^ current in cultured cerebellar Purkinje neurons in the presence and absence of CaM overexpression. The large amplitude endogenous persistent Na^+^ current observed at baseline in cultured cerebellar Purkinje neurons was markedly reduced after CaM overexpression ([Fig. 5, G and H](#fig5){ref-type="fig"}).

Discussion {#s19}
==========

Our data demonstrate that the interaction between apoCaM and the Na~V~ CTD regulates persistent Na^+^ current and the rate of inactivation across multiple Na~V~ family members. Specifically, we found that disease mutations in Na~V~ CTDs that are associated with perturbed inactivation---increased persistent Na^+^ current or slowed rate of inactivation---correlated with decreased CaM binding affinity and that CaM overexpression rescued the mutations' effects. Thus, a decreased affinity for apoCaM binding appears to be a common feature for LQT3 mutations within the Na~V~1.5 CTD and epilepsy mutations in the Na~V~1.2 CTD.

In this regard, our data showing the lack of an apoCaM influence on the D1790G mutation in Na~V~1.5 are informative. Although originally identified in a large LQT3 cohort, this family was considered remarkable for unusual phenotypic heterogeneity ([@bib3]). Moreover, a recent study found that D1790G is relatively benign compared with other LQT3 mutations ([@bib44]). With this context, previous analyses of D1790G (and recapitulated in our studies here; [Fig. 4](#fig4){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}) showed that the most prominent biophysical defect, a β subunit--dependent hyperpolarizing shift in the V~1/2~ of steady-state inactivation ([@bib1]), was atypical for LQT3. In fact, such a biophysical defect would cause decreased Na^+^ current at physiological membrane potentials---a loss-of-function effect that is more consistent with a Brugada syndrome phenotype than LQT3. Recently, the D1790G mutation was indeed reported in a Brugada syndrome patient ([@bib6]). Thus, the association with a relatively benign LQT3 phenotype and separately with Brugada syndrome, and the absence of increased persistent Na^+^ current for the Na~V~1.5 D1790G mutant channel, suggest that this mutation more likely causes a mixed "overlap syndrome" ([@bib32]) rather than a pure LQT3 phenotype and perhaps should be reclassified.

Our analyses also verified, functionally and biochemically, the multiple apoCaM contacts observed in the crystal structure of the Na~V~1.5 CTD and apoCaM ([@bib13]). Although the functional consequences of the interaction between the apoCaM C-lobe and the IQ motif had been previously tested---and it was shown that disrupting CaM interaction through mutation of the signature IQ residues increased persistent Na^+^ current ([@bib20])---the consequences of perturbing neither the CaM N-lobe interaction with the globular domain nor the interaction between CaM from one binary complex to the CTD in a different binary complex had been examined. Our ability to detect the CTD--CTD interaction, not previously observed, likely derives from the use of DSG to trap what may be a dynamic and/or low-affinity interaction. Although inefficient, these interactions may be functionally relevant. For channels with limited diffusion in the context of the plasma membrane, especially in certain subcellular domains with highly concentrated Na^+^ channels like the intercalated disks in cardiac myocytes or the axon initial segment in neurons, the effective concentration may be closer to that in the crystal than in solution. Furthermore, previous studies investigating dominant-negative mutations in Na~V~1.5 reported interactions between intact Na~V~1.5 channels through coimmunoprecipitation ([@bib9]; [@bib51]). Whether these interchannel interactions are mediated at least in part by the CTDs, as observed in the crystal structure, has not yet been determined, as previous studies have only reported such interactions between the cytoplasmic N termini of two intact channels ([@bib9]; [@bib16]). Our findings provide the basis for testing additional domains and specifically whether mutations in the Na~V~1.5 CTD associated with Brugada syndrome likewise exert a dominant-negative effect.

Nevertheless, such interchannel interactions are of particular interest because their possible existence echoes recent findings of similar CTD to CTD interactions between voltage-gated L-type Ca^2+^ channels. Remarkably, although the molecular and structural details are not understood for the interchannel interactions between Ca^2+^ channels, those interactions are also dependent on CaM ([@bib25]; [@bib11]; [@bib23]). It is interesting to speculate that interactions between L-type Ca^2+^ channel CTDs use similar structural features to those observed for Na~V~1.5 to Na~V~1.5 CTDs, a hypothesis supported by the structural homology between the globular domains of Ca~V~1.1 and Na~V~1.5 (Fig. S3). Although the Ca~V~1.1 structure ([@bib47]) revealed an interaction with the III-IV linker rather than a second CTD, the Ca~V~1.1 structure likely differs from the Ca~V~1.2 and Ca~V~1.3 (the L-type channels in which interchannel interactions have been studied). Specifically, Ca~V~1.1 CTD does not bind CaM despite the homology in the CaM-binding IQ domains ([@bib27]), and the structural homology between Na~V~1.5 and Ca~V~1.1 diverges just before the IQ domains (Fig. S3). Perhaps for Ca~V~1.2 and Ca~V~1.3, which do bind CaM, the structural homology extends more distally and thereby provides an interaction for a second CTD analogous to Na~V~1.5.

Our data also highlight how the consequences of CaM regulation on persistent Na^+^ current extend beyond Na~V~1.5, namely to Na~V~1.2 and Na~V~1.6 that were studied here. Similar to our findings with LQT3 mutations in Na~V~1.5, we observed a correlation between epilepsy mutations in Na~V~1.2 that decreased apoCaM affinity and an increase in persistent Na^+^ current. Furthermore, our data show that neuronal Na~V~ channels are likewise sensitive to apoCaM ([Fig. 5](#fig5){ref-type="fig"}) and reveal a similar correlation between apoCaM affinity and persistent current amplitude. Notably, Na~V~1.6 shows a relatively large persistent current and a relatively low affinity for apoCaM.

On the one hand, the homologous function of apoCaM across multiple Na~V~ channels is not surprising given the sequence similarity in the CTDs among the different Na~V~ channels, particularly in the IQ domain to which the CaM C-lobe binds. This is echoed by the nearly identical structures of apoCaM interacting with the respective IQ domains of Na~V~1.2 and Na~V~1.5 ([@bib7]; [@bib12]; [@bib41]). On the other hand, previous studies have noted channel-specific differences. For example, Ca^2+^ confers a CaM-dependent fast regulation on the muscle-specific Na~V~1.4, but not on the WT Na~V~1.5 ([@bib5]). Whether mutant Na~V~1.5 channels are also insensitive to Ca^2+^-CaM has not been tested, but it is possible that some Na~V~1.5 mutants may acquire Ca^2+^-dependent regulation. We previously observed that Ca^2+^ induced a CaM-mediated shift in steady-state activation and inactivation in an autism-associated Na~V~1.2 mutant, whereas the WT Na~V~1.2 was insensitive ([@bib42]). Thus, some regulatory features, while appearing lost in certain Na~V~ isoforms, may be latent in the WT and only revealed by a mutation. Nevertheless, further evidence for some isoform-specific regulation comes from mutation of the CaM-binding IQ motif for Na~V~1.4 or Na~V~1.6, which reduced current density ([@bib15]), whereas here, we observed no decrease in current density for Na~V~1.2 or Na~V~1.5 mutations studied. Thus, determination that all of the features of apoCaM regulation are consistent across the family of Na~V~ channels will require further structural and functional interrogation, but initial hints provided by comparing the structure of CaM bound to the Na~V~1.6 IQ motif with CaM bound to Na~V~1.2 or Na~V~1.5 suggest some basis for the channel-specific differences ([@bib31]).

CaM, bound to the intracellular CTD and thus close to the membrane, is well positioned to regulate Na~V~ channel inactivation. Although the specific orientation of the CTD in relation to the bulk of the channel in the membrane is not known, CTD--CTD interactions (Fig. S1, E and F) place limits that orient the long IQ domain helix closer to parallel with the plane of the membrane than perpendicular. Indeed, such an arrangement is compatible with the identified structural homology between the proximal portion of the Na~V~ CTDs with the Ca~V~1.1 CTD ([@bib47]), especially in the context of the postulated flexibility between the Na~V~ CTD globular domain and the long IQ domain ([@bib42]). In turn, this would locate CaM near the linkers between transmembrane repeats and the loops between individual transmembrane segments. In this regard, an interaction between the CTD-bound Ca^2+^/CaM and the III-IV intracellular linker, the putative inactivation particle, was an attractive hypothesis to explain how the CTD influenced inactivation and was supported by the demonstration that CaM can bind directly to the isolated III-IV linker ([@bib34], [@bib35]). We were unable to demonstrate a tripartite interaction for Na~V~1.5, however. Moreover, the affinity of CaM for the Na~V~1.5 CTD (∼100 nM whether in the absence or presence of Ca^2+^ for a longer, more complete CTD) suggests that CaM is unlikely to release from the CTD to form a micromolar Ca^2+^-dependent interaction with the III-IV linker as proposed for the tripartite interaction ([@bib35]). Furthermore, if the structure of Ca~V~1.1 ([@bib47]) predicts salient features for Na~V~ channels---extending the observed structural homology between the proximal Ca~V~1.1 CTD and the Na~V~ CTDs---a tripartite interaction including CaM appears unlikely because in Ca~V~1.1 the CTD binds the III-IV linker precisely where Ca^2+^/CaM binds the homologous region of the isolated III-IV linker peptide in Na~V~1.5 ([@bib35]). An important caveat, however, is that our analyses eliminated Ca^2+^; the presence of elevated Ca^2+^ could lead to structural rearrangements in the Na~V~1.5 channel that cannot be gleaned from the Ca~V~1.1 structure. Nevertheless, the apoCaM--CTD complex, in close proximity to intracellular loops and at the end of the fourth transmembrane repeat (IV), is ideally situated to influence the actions of the S4 voltage sensor in the fourth transmembrane repeat (IVS4) that regulates Na~V~ channel inactivation ([@bib8]; [@bib37]).

Although we observed a tight correlation between increased persistent Na^+^ current and decreased apoCaM binding affinity among the mutants tested, our data suggest that additional factors beyond apoCaM interaction with the CTD contribute to the regulation of Na~V~ channel inactivation. For example, the relationship between the magnitude of apoCaM affinity and the amplitude of persistent Na^+^ current is not monotonic, as illustrated by a comparison of the E1901Q and Q1909R mutations. The E1901Q has a larger relative persistent Na^+^ current amplitude, yet the reduction in affinity caused by the E1901Q mutation is modest compared with Q1909R. The underlying reasons for the lack of a monotonic relationship is not clear, and multiple factors may contribute on a mutation-specific basis. One possibility is that some of the mutations may adversely affect protein folding for the recombinant CTDs, thereby exaggerating the measured effect upon CaM binding. Another possibility is that specific locations may exert particularly potent effects on the persistent Na^+^ current. For example, E1901Q sits at a flexible hinge point between the IQ domain and the globular domain ([@bib42]), so an effect on the inherent flexibility may impart the disproportionally large persistent Na^+^ current for this mutant.

In conclusion, our data demonstrated an intimate relationship between inactivation and apoCaM binding to the CTD. Disease mutation in the CTDs of Na~V~1.2 or Na~V~1.5 that reduce CaM affinity result in increased persistent Na^+^ current or slower inactivation, and these effects are restored to WT levels by CaM overexpression. The functional significance of the interaction with CaM is underscored by the reduction in persistent Na^+^ current and decreased action potential firing in cerebellar Purkinje neurons after CaM overexpression. Thus, our data show that CaM is a major regulator of inactivation properties across multiple members of the Na~V~ channel family.
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